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NEW AND IMPRCVED TESTS FOR ADHESION by
B
..i
A N Gent ot
¥
4t
SUMMARY N
Three methods are discussed for measuring the X
work Gz required to break a bond: Outwater's =
double-torsion test for long plates, bonded
together; a pull-off test for an elastic strip -
adhering to a rigid surface; and a "blister" test "
for an adhering elastic layer. The pull-off ;
force F or blow-off pressure P is given by: ré ]
(or P4) = KG33 where K is the tensile stiffness £
of the detaching layer. This unusual dependence "
arises from the non-linear (cubic) relation N
between force or pressure and pull-off angle 3 K
or blister height y. However, the products F=
and Py give direct measures of Gz, independent v
of stiffness and the extent of detachment. k
<)
INTRODUCTION i i‘
‘>
Ideally, a test method for adhesion should have the following 'f
features. First, it should employ simple specimens. Secondly,
the failure force should remain constant, at least in principle, S,
while the line of detachment is driven forwards over long dis- =3
tances, so that the average strength of adhesion can be readily ﬁ
determined. And, finally, the fracture energy G5 should be >
obtained directly in terms of the specimen dimensions, its stiff- 3
ness during loading and the critical load at which the process of
detachment takes place. No other measurements are needed then to &)
determine the energy G5 of separation per unit of bonded area. a
Three such test methods are reviewed here. The first is partic- E’
2

ularly suitable for relatively stiff adhesives and adherends while
the other two can be used with materials having a wide range of

stiffness. ]

o
L

t

THE OUTWATER TQORSION TEST (1,2) 4yt

\J

v A sketch of a suitable bonded specimen is given in Figure 1. It t Jﬂ
oS consists of two long rectangular plates, bonded together along one e ‘
22 edge. An initial crack of length cy is made between them. The j.-
3i specimen is then clamped, as shown in Figure 2, and subjected to a .umngi
:5{ steadily increasing angular rotation 3 of one arm with respect to 1w
- the other. The corresponding torque M is measured by means of a f"-{£
=) long rigid moment arm, as shown in Figure 2. ’ <
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At a critical value of the applied torgue, denoted Mo, the crack ——
O3 will advance. At this point elastic energy stored in the twisted 2%
a arms of the specimen begins to be expended in fracture. Assuming ok
LI that the arms are linearly-elastic in torsion and that the tor- N
ﬁ' sional stiffness M/% is inversely proportional to the length ¢ of ol
b the arms, we can deduce that the fracture energy Gy is given by e
(1) oy
~ oY
* Ga = Mc2/2 kt  vennnn.. e e et e i (1) o
- i3y
o where e
h/ "_1.
K =Mc/> covvnnnn T T TP (2) &Y
- k denotes the torsional stiffness of the specimen for a crack of ~i
5 unit length and t is the thickness of the specimen. The value of }}
N k can be obtained from the experimental relation between torgque M o
' and rotation  up to the onset of fracture, Figure 3, and the mean et
value of M. can be measured thereafter, over long distances for :
o long test pieces. Thus, the mean fracture energy G can be meas- o
N ured with some confidence, using a single specimen of simple }C
-, design. g
f} ":.-‘,.
¥ bty
PULL-QOFF TEST FOR ADHERING STRIPS (3) =
% This simple test arrangement is shown in Figure 4. An adhesive G
v strip of width w is pulled away from a rigid substrate at an angle =
L2 5 by a force F. Work is done both in stretching the strip as it ::i
y detaches and in fracturing the interfacial bond. Assuming that g
the strip 1s linearly-elastic and the angle 9 is small, the rela-
) tion between F and 9 is as follows: Ry
) S
.\:
5 F = K63 ittt et (3) e
o %
BTy,
:‘ where K is the tensile stiffness coefficient of the strip (force oy
per unit of tensile strain). 1In terms of the fracture energy S
I; Gy (3), awl
Y e
WGy = (3/8)(F4/R)/3 Lol PP (4) g
Ly -"',,:
ﬁ Thus, if measurements of the pull-off force F only are made, an Y
] independent measurement of the stiffness of the strip is required
) in order to determine the strength of adhesion. However, a simple o
i relation is obtained in terms of the product of the force F and “rx
»f detachment angle &, both of which remain constant, at least in N
o principle, during continued detachment (3): -
4" '-_‘.
g .
Ga=3F3‘/8W e 9 e ¢ % 0 e o0 s 0600w e 0 esces e o 5 6 0 8 060 8 8 8 0 s 0 s e e e s e e (5) .
P\ A
> Thus, the mean value of the fracture energy can be obtained from ey
e simple measurements on a single specimen. g¢
, R
e
L Values of the product F:/w are shown in Figure S5 for an adhesive ;i.
- tape detaching from glass and Teflon substrates. A number N of
S0 layers were adhered one on top of another to give a composite tape »¥s
o having N times the stiffness of a single layer, but the same level ?;
- of adhesion. Correspondingly, the pull-off force F was greater o)
': and the angle 5 was smaller than for a single layer. But the $\
y pa
. 4 A
" =)
) <.

M A . IRPLo
n*»mnﬂjmﬂﬁﬁuﬁa»nﬁna.t

PATR CRURER TR LAY RO IR CRAT OR CRTATAY S CREAR L PO GO L SR gy




Ty o W N O O P T P VT T T PP P T WP Py P owery Adad dad Aok Rea Sad Aot Aot Ba. g0

AP

product F- was quite independent of N, as the theory predicts. It
thus provides a measure of the strength of adhesion G5, indepen-
dent of the stiffness of the tape. (G5 is, of course, different
for the different substrates, as would be expected.)

BLOW-OFF ("BLISTER") TEST FOR ADHERING LAYERS (4-7)

This test, shown schematically in Figure 6, was proposed by
Dannenberg (4) and applied by Williams (5) and Andrews and Steven-
son (6) to the study of adhesion. But the latter authors focussed
on the bending deformation of a relatively thick layer, with a
blister of relatively small radius a underneath it. When the
blister is large in radius, and the layer 1s relatively thin, then
the principal deformation is a biaxial stretching of the layer,
rather than bending. In this case the relation between inflating
pressure P and height y of the center of the blister is given by

P = 4.75 K'¥3/a% ot e e e e (6)

for small degrees of inflation of the layer, again assumed to be
linearly-elastic, where K' denotes the tensile stiffness coeffi-
cient for a strip of unit width; K' = Et, where E is the effective
tensile (Young's) modulus and t is the layer thickness.

At a critical pressure the blister will grow in size by further
detachment. By considering an energy balance, in which the work
of inflation is expended partly in stretching a larger portion of
the layer and partly in detaching it, we deduce that (7)

0.39(p4ad/x")1/3 ... ... e e, e (7)

Ga
or

Gg =

|
o
<)
(0]
el
s
[¢9)

Although in this case the pressure required to cause detachment
does not stay constant as the blister increases in radius, but
decreases continuously, nevertheless the product of the momentary
pressure P and corresponding blister height y gives a direct
measure of the characteristic fracture energy G5 for the adhesive
bond.

5,0 Ny, Y o LI
NN R e
s " e N B

',

A

Measured values of P and y are shown in Figure 7 for a layer of

n a polypropylene-backed packing tape adhering to a Plexiglas sub-
38 strate, with an initially debonded circular patch of radius a =
& 25 mm. On inflation, the pressure increased in proportion to y3,

1n agreement with equation 6, until further debonding started at
the edge of the initial circular debond. Thereafter, as the
blister propagated, the pressure decreased in inverse proportion
to the blister height y, in accordance with equation 8.

Thus, even though the blow-0ff pressure 1s not constant, it can
be employed with the corresponding blister height to obtain mean
values of the strength of adhesion over large areas of the inter-
face. And no other parameters are required.
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LIMITATIONS

The first method discussed above, involving the torsion of rectan-
gular plates, is only applicable to materials which deform elasti-
cally up to the debonding stress. They must not undergo plastic
yielding or flow. Also, they must not be so soft that the plates
would twist through angles greater than 180° before detaching.

The other methods require, at least for the simple relations
given in equations 5 and 8 to hold, that the imposed deflections
be small. 1In practice, this restriction is not a severe one.
Values of pull-off angle of up to 25°, and blister height
approaching the magnitude of the blister radius, yield results in
good agreement with the theoretical relations based on the
assumption that the deflections are small (3, 7). But, again,
plastic yielding or flow of the adhering strip or layer would
invalidate the analyses, which require linear relations to hold
between stress and strain. Small departures from linearity seem
to be acceptable, however, yielding results for G5 that are
approximately correct. And it is noteworthy that reversibility of
the stress-strain relations is not required at all, because the
deformations remain constant or increase as debonding proceeds.
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Figure 6 Blister test for an adhering leyer
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